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SOLAR OPACITIES CONSTRAINED IIY SOLAII NEUTRINOS

AND SOLAR OSCILLATIONS

Arthur N. (“I)x

Theureclcal Division

[.OS .41amoe X*tional [.abor~tory

ABSTRACT. ‘1’hu revi~w discusses [he currenL situation for opacltieo at the solar center, the
WI]U sufiace, ~J for the few mllllon kelvin temperatures that occur below the convection lone,

The sOIU center conditions are important because they are crucial for the neutrino production,

which continues to be predicted about 4 timen that observed. The main ●xtinction ●ffects there

tue free-free photon absorption in the ●lectric 6elds of the hydrogen, helium and the C’.NO atoms,

free ●lcctron sc~Ltering of photons, and the bound-free and bound-bound ●bsorption of photons by

won atoms with two ●lectrons in the IS bound level. An assumption that the iron ix cnrtdenfied-out

I)FIOW tne convection sone, and Lhe op=ity in the central regions ix thereby reduced, reeulte m

4bo UL a 25 percent reduction m the central opaciuy but only ● 5 percent reduction ●t the bxae ,)f

th? conv~ctiort sort, Furthermore, the p.tnode molar mcillations are changed with this ~umption,

tnd do not fit the observed ones u w~il u for standard models. A diacuxaion nf the large ●ffective

,Ipac ILy reductwn by weakly interacting m.axive put Iclee [W IMPx or Crmmionfij ●lao results in pcmr

tt~reement with observed pmo(lp ,mcll]ation fre,~uencies. The much Iargar opacitiea for the 00Iu

~lirt’~e layers from the 1.(M Alanlf)m .qatrnphyslcal (Ipaclty Llbrwy mtte~ of the widely used (’(Ix

And T~hlm valuen show sm~ll lmprovcln~ntn in o~cdlation frquency predictions, but the Iargrst

-tf~r! la In the liwcusOmn of pmod~ Stahllity Solar acil,lation frequencies can eerve ax an t)paclty

rxprrlm~nt for i ne tempcraturro and denoltwe, recpectiv~ly, of s few mdlicm kelvin and hctween () I

Lllll lo ) m 1 ( ‘ilrr~nt ,mrl]l,ltli)n frrqll~nry ralculatmns indicate thatpmaibly the opacily t.lhrarv

\.d IIM IIr FIi :1, lnrr~~ of typ IrJi]y IS p@rrent JUSt ●t the hott~,m of the convertloft Sone & 3X il)’i ~

I :pdcltl~n 11.LVPunr~rturtlles AL the ptl{)t~mphere ●nd deeper than the convection sorte ranging from

1’) II) ?5 pr”cerrt The ●quaLl{)n (I[ s!aLe Lhat nupplka data for the OpUILy calculatmns frmtunat~ly

h.ur })rrnnur~ uncrrtamtlec of t)nly ~hi>ut I percent, but upaclty uncertainthe wdl ●]waym be 11111,h

l.ug~r ,4 IImunomn u glwn ahmrL I)pMIty ●xperunentt that tho ttan provde. opMItIH In th~

PIIVPl(Ipra of th~ }lyad~s (; ~t~, th~ (“~pheds, h Scuti variahlot, ●nd the d Cephel varlableo Indlr *CP

r hit QIHmtiIantly l~w~r f)puILIP~, p~renlt)ly causal hy m-m line-, teem LO he requmed.

I. l?JTROD[~(:TION”



This review I!U ruwe~ .wsVer~l inLerrsLhlU .ULd r,lrrent topLcs in SOIU (~ptiity and g[ructllre I h,~t

impact ,jn the neutrino .uI~l wlll~[l(~rr pr~,hlrms. It .llm hrleffy LourhPs on related opacity probielll~
for geverd ocher CI.UWS ,)i+t~rs F,,r .~ revww ,,f how stellar opacwies Me calculated readers shoul,l

~onsu]t the first comprehensive expml[l,~n hy ( ‘IJX (] ’.)65) or rhe rno, {em update by }{uehner ( I\;sti],

Recent i(]mprehcnsive IalIles (h.lt ,we ,,( value Irr c~iculatlng meuar structure have hem puhiL,he[i

by f-ox aJlrf Tab(w ( l!l~~;l. The L{IS ,fl.~mt,s .%~trophygicd Opacity Llbr~ hv t{uehner FL i]

( 1977] .dlows Llbr~ lts~rs t,> c:~lcul.ile rb~ir own mixtur~d of hydrogen, heiiuln, and the m.mv

~~:hrr elements. \f.LIIy t,li)les hive 11,.rn ,.;ll,.uIMptl thst way and F.woe(i uc,und tt~ ~,thrr +;ell.]r

;~itrophyslckts all iwer I IIF w,,rl(l [{ I,prful]y. the [.lhrw w ●aay enou~h to use accurxtriy. SI) fh,ll

I hese tables are d conslstenc wltb Pub {xhrr.

Since t$e av~ilahllity I>f thp I.lbrmy, [hPrp havr be.-n I few important spcc Ia[Iz#d 11.~p~rs ,IL+

iussing improvements. %f~gee, 31 Prts, and flue brrm ( 11.M4)M well M [g,lerzlaa, R,>grrm, and \\”JL+(l],

I 1:~~~) haw searchd for opJcILy in, r~,we~ for the giant stan. It b hoped that th~ rxtenalvr wlu~tl,,rl

,If state (.MHD) and opacity lnvestig~t~,,na hy \{ihalira, I!ummer, f’)appen, Seaton, ,MJ In.my ,)lller~

will produce a de bnitive srt ~of!.LI)IPLIf,, r the future.

We dUCU~ in tllm revlrw the cllr-rent ~mueo for opacities at the Eolzu center, ~he eoliu surf are.

~nd in the layers just b~low the c,)rrvectiorr aonp. We also mention three other experiments that

may help constrain opacltws. These we the lithium problem of the Hyadea G stara, the pulxatlt)n

periods of the Cepheicis Mid the ,> Scuti vwlsbl~c, and the instability of the 8 C’eph~l vani. blen,

Many r~searchers c,a]culatlnq stPl]ar structure ~ae the fma Alamoa rrparity tables dirmtly usin~

spmial interpolation procr(lurrn. ‘rh~ ,s what we do alao m our pulsation ttudies at LM Alamon

when the part of the stu ,If mt~r~~t IS t~nly th~ homogeneotra rompocition otellu ●nvelope l{ow~v~r.
we have never interpolated !~rtw~rn t ,~hles For stellar modeb In advsnced evolution stages, whrrr

the rorr-rpmitlon u chan~lng throuflh{)ut the model, we USP the equation O( atete and opacity fits tlf

Stpllingwerf (1975ab) and lh~n (1!M5 for !h~ E(2S and 1975 for the opacities), We find that this IS

adquate for moat all otu(lwrr, hut maybe now rrolti structur~ atudwa have herrrme On aophtatiratml

I hat we ne-d to mterpo]atp h?twern tablrs t~ureelveo.
t)p;~.lties depend rruc~aliy ,)f che ~l~t,tlln of the cqctatwt of •t~te. ‘rhus the Lot Alarrra rquat]tlrr

,~f ~tat~ reaulta need to hc junt aa cl~nlpr~h~ns}vc u those (Ieveloped for the MHD ●quation 1~[statr

S,, t ,Inly do WP newt crr kl,,>w I}lP Il)t-rnll l~wtltmn functmn to calculate lhe detiree of mnmatl{ln Id

.An •l~ment to kn{]w th~ mmtur? l)r~mur., \IIIj rner~y, hut we ●lao need tha~ sune tiata tn ●n.Lhl- un

!,) l.,drulat? the b~]unti.fr~~ ,LIIIIt),)llrlil-t),)llll,l phot(m abso:ptlons that can -cur For many It IIIJY

I ● .L mlLrprlse thaL our •{~lLAtl,,n ,,f gtatr ,jata we ●vatlahle ●nd ~ree r]oMly with the Mlffl tcsult~

Illmt Il,lw C{OGFIYIS ● t~)plc I},)w r~(rlvlng lnt~rcst for hoLh ●qualmrr of ttate and npacIty ctttdlet.

Thprr haa hcen conanl~rahlp .utlvlty laL~ly on the question u LO wh~th~ swllar npultles nrPIl

I,, hc lnrr~~ed hwauae nlany weak lLnes, •sp~\aUy frnm tron, have been neglected. Thm u m,

•v~n though Iron u not ● v-q ●bundant ●lcrrrent in the mlu cm-rllwmitmz. Evidence rI growutfl for

wlrrt~,i ,]P&-it Y lnrr~=?t, and In thu r~vlrw WP WIlj tee that the ●.xxt ●ccmtnting t)f th~ lrnrr IIII*S

IS lmll,~rlant (,lr th~ •ntw~ Sun, frf)m thr ~~h~~t,mphere L(I th~ r~nter

2. THE sOLAX (’ENTER



helium c,~ntent, the central f.en]prratu[ t-. Jn(l [he neutrlno !Jutput LrI about chc ilahca~ u-id I“lrl,h

(lWW) # ~%1’o. Rut J]] recent predic’, mns are luger thm oboerwatmna. (’an so]u ,Ipacitles I)P

hlwmed f, r thti per~lsten~ prediction {If tm) IIIany neutrln(m”’

The .mswcr for thr lMl 2[1 years l.aA hren n(>. The (~paclty at rhc r~nter nf tbr Sun M Ap

pr,)xlnl.. tely 1 3 fr-e ●lertron scattering, 1 ‘1 free frr~ .~bmwptmn of phaLono In lhr ●lectric fielI.J

,( prot(~na. alpha piutwl es, ,~nd ~’”SOSP nuclel. xnd 1 3 due LO a bound-free ~hoorptmri edge ,md

J boun(l-hnund line of hl~hlv II)nlzed Lron. Them ~hmorption effects are simple enough, and thr

l“Alcu] aLlon (,f theu .ttt~nuumn rehahle pn(~u~h. Lhat [he opac ILy aL the ~FnLer (d the Sun Lr pr~~h-

tt)]y known 10 M accuracy of 10 p~rcrn~.. Differcncm from mldel Lo mo,iel may be due more III

,]Illp,jsltk~n chan~es rathm than opacity I:nrertaintlts.

Figure 1 sh<,ws Lhe n:[lll(>chr(llll.lclc abst,rptlon c(wficient vernua phn~on ener~y at 15x 10”K .11,,1

.L~lennlty of 150 J ,-m J, c(]nditl[)ns Lha L IMP cl~~se to Lhr SOIM center u calculated for rurrpnt stan,l.ml

.,)iu lll~)deln. Th~se Jata c,)Me from th~ E.X(lP (tpJ( ILy program, the urtmed iate fi)rprunnpr of I he

1!()()}’ prowram that calrula[e,l lhe m,,n,),.hrcm~t:c .ibeorption and Yratterlng data for LhP ~)pU-IIY

!.lhraq It hu been uard tor Lh~ revww hecauae of Ita convenience m operation and m pr.,durln~

III(ILS. The bound-free phot~wlrctrlc ~baorptmrr ●dge u caused by liberating the 1s ●lectron fmll)

[he won atom with 2 In ●lectrons, () 6 2s ●lcctront and 1.7 2p elec:rons. Thti ●dge u ●t the ln~an

p,,~ltmn of lndiv]dual ●dgm fnr the several Ionleatlon staaea present. The line ix the -urn of th.~ t~

10 2p trmlmtlone m the won mnn that Ur 20, 21, 2’2, and 23 times ionixed. The I U’) varlatmrt At

photon enelmlee below the absorption ●dfle M the free-free ●bsorption from ●ll the inns in the mtxturp

[ncludmg thoee from won. ,4h(we the wige the contrlhution ol the free ●lectron scattering herorrws

nl)tlrrable The fiomeland nwan wplghtmg function peaks at hu IkT= 70, which u just over 9 k~v

~lgn16cant wclght u m the hand of :1 5 to !H kev, eo one can roughly ron6rm that the me~n opMILy

here ~ 118 ‘.m’ g
The Iron Iinr trannltlon 1s to :Jp m not seen berauae the 3p level u deetroyed by the Iwge d~nnity

,~f chargw surrounding th~ won mn~ S}llelt]ing Of the nucleut by ;he other bound ●lectron- an(i the

,Intlnuum depre~elon puts the abaorp Lion ●dge at 7 3 kev utstead of at 9.2 kev for the con figuratutn

wlLh only ,me bnuna ●]ertrnn The resonant ecattm.nu line ●t 3 kev and weak absorption linen rwar
r hcr~ up tiu~ to the 1s to Jp transltl(me m wgon from lone with 1, 2, and 3 electrons ●ttached

Figur~ 2 tilvm th~ EXOP nl{,nochr\)maLic ●bsorption rnefficient~ for ● case ● the same terrlprr-

,~1ur~ and Jrnalty where the Iron u ahwnt Thte (aae haa !~een rnneldered by Dearborn, Marx, .LIId

}{utl [ I’M?) M A ptmalbl~ way of rduclrig Lhe central opacity In solar models, reducing the rcmral
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Fiflure 1. The monochrnm~clc absorption coefficients for a sol- mixture for the .Lpproximiitc
S(J]M cen~er con(jltlons ~i 15x I(Itl K and I SO g/crn3, The iron bound-bound and bound-free cr,mswmns

.Lre seen to~ether with the free-free absorptiotm from all the iolm ●nd the mepa.ratcly shown free

ektron scatter lnfl,

Fluurc 2. The monnchromatlc almot-pion coefficicntt for a solar mixture without won f,w Lhr

,JIIW~xlmate solti c~nter condltlona Id i5x10e K and 1.50 g/cm3, The iron line and h,)un~]-fr~? e,lue

.m ntJw ~lw~nt. Jnd the [Jparlty M reduced from I. )8 ,-mJ/g to 0.92 cm~/g.
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FigUrea 5 and 6 show che small difference, which we call J(n) for the two modeb with and
without iron. ThM .+(n), the ,lifference between the radial and quadruple mode frequen~ies, h~

b+en discussed by many ochern (see Cnx, Guzlk, and Rabv, C’GR 1989), and it u a scneitive indicator

of the (.entra] model conditions. .Agreeme~t of predictions with the observed frequency differenrea m

the bmd ,If radtal order 11 to .33, or, where the observations are more accurate, between 20 and 25,

lndic~l es chat a model represents the actual SOIW center, We see that both models are in rewtinable

~meement with observatmns, with the standard ~~~K one (normal iron abundance) slightly better

(-oflectivc effects have been frequently discumcd as a way of reducing the ●lectron scatterhl~

photon attenuation at the solar cenLer. The Inow recent diacuaaion is by Boercker (1987) who refines

the earlier work of Diesendwf and Sinham ( 1~989) and r ssendorf ( 1970). These latter authom have

~sumed that the anguh.r deprndpnce of the ●lectron #caLtering integrate-l Lo zero, whereaa for the

ncn-vacuum solar conditmns it does not. The re~ult ia a smaller ~pacity reduction, The correct

reduction M about 25 pe~-cent, while the Loo Alamoa Astrophysical C)paclty Library has a reductmn

aL the solar center of about 20 percent, and the scattering m Egurea 1 and 2 ●bove had no reductmn

at all. This matter seems to have been settled now. and its uncertainties -e small, ●ven though

B~hcdl and [-b-ich ( 1988) calculate that the cotmect formulation gives opacities lower than th~
(>pacity Library chat u worth about a 9 percent reduction in the ●mergent calculated neutrmo flux,

There u one additional =pect of the collective ●ffats. It aeema that only the Los ~,larrm

calculatlont have included ●lectron degeneruy ●ffects for the Debye rmiius that ●ntem m the collec-
cIve ●ffects disc uaaion. The above mentioned 20 percent Loc Ala.rmm Astrophysical Opacity Libl a~

,)PaCity reduction d~uwd by Boercker lncludea this electron degeneracy ●ffect.

Recently there has been thix Idea that there may be w~akly interacting maaaive particles
[W I.MPS) chat iue numeroun ●nough to Eupply the miaai.ng mam of the universe, or at Ieaat the

inteai,ng masa around flalama including oure. U these putlclea of ●bout 5 ttmea the proton ma

wally ●xist, then the Sun lnevwably would collect many of them (one in 1011 proton-) which would

iwblt UI the inner 10 percent of t!te m- of the Sun. Even though they have an interaction crnaa

+-cLlon of only about 10- ‘aim J with ordinary matter, they ~e an mtpotiant ~ource for conduction

l,f rnergy tiom :h~ solar center Lo several times their orbit radhts. Stuu” Raby haa taken the work

,)f others such u Spergel and Prma [ 1985) trI give a refined ●xpression for the WIMP or (’onmmn

,,p,Mlt V Th~ ~,

Fl~r the to~al op=lty, tnclucfing the Cofimlon ●ffects, I he ●xpression

is used For the C’oamlon opacity the valuea we have used ue IW= 10-3, To= 13x IG”K, p,, -2(M

J -“m’, urd r, --0,0428 mlar radii.
.<(,lne wr]rker~ have slmulat~ the conductmn of the Cc-mlon- by Cottmdming thenl u ●n ●n-

pr~y w]urce some dia. Ancc from the solar renter matead of having Lhem merely m ●nether npxclty
(, ,,ll,l,l,. ~Ion) coa~nbutlon, [ undemtand th+t treaLlng the (.’ngmlon e!l-rte by the use of An effertlv~

,l>.lt lly u more ●pproprl~a, ~d IL IIoet not ltiad to Any ln~tahdicy problems that ● few others ( f3e

1,11(a ●t d , 1989) have experienced.
With tho q u given, corresponding L,I the shove Cosmion ●bundance, lhe neutrino fiux prf>

Iu, ●MJ J (rrimectd LO 1.5) SNII m the chlorine detector A necon,i C’oammn caae hm abo been don~

I,y ( “’; R ( 19W) with 9 times fewer (’usmmnn glvlng ! T !) tlmet l~ger opulty, and that neutrmo ffUX

~lvm 44 (r,:r-rwted 10 .] 5] SNI! Thts hlgh~r neutrlno flux u just on th~ horder of being compatible

WI I h ,!ho~rvatl!mn It m ~tually lowpr than the ~~utrmo flux m~aaursd m the recent pam

} lKure 7 dIV~s ●fiam the (J-f’ plot for the aamc IOU degree solar pmoda kr tha two (’oaml(,n

m,,~l~b “rhc (,pwlty ad)ustrrwnt twlow thr ( onv~ctmn si~ne, LO be diaruaaed later, u ntIll In thr

IIIIIIIPI “rhat nl~ana Ihal thw hflur~ , an bp (immtly ( tImpu@rf 10 tigurea 3 utd 4 to aec th? ?tf*I t~ III
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Figure 5. The o(n) differences between the radial and quadruple mode frequencies u plotted. .
versus the radial order for Lhc C(; K and the low opacity modefs. The observations are given with

error barn aa published hy Jimenex et al. ( 1988). BGth the actually cdcu]aled ●igenva]ue frequency

,Iltierrnces and the asymptotic theory variation are given.

Figure 6. The b(n) ,!lfferenrec h~tween the rdial and qudrupole mode frequencies is plotted

versus the radial order for the conden~ed-out iron model. The obaervatioru are given with ●rror bius

~ Publkh~d by Ji.menes et al. ( 1988). Both the Mtudly calculated ●igenvdue frequency cflfferences

uymptocic theory variations ar~ given.
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Figure 7 The obeer-ved mtnus the calculated low dogre~ Pmodo fr~uencvse for the rntarrriard



the Conmions. The large spread of the differences between observation and prediction indicaten that

thie mod+l ie not so good. Figure 8 plots the i(n) between the radial and quad.rupole modes for this

standard Coemion model and Lhe one where the conduction bv the Cosmion~ has been reduced by

a faccor of 1s.9. The~ plots =e in an .4strophyaical Journal paper by C’GR ( 1989). The reduced

Coamion number model with its marginally acceptable kger neutrino flu-x SLill does not fit the

observed pmode frequency differences very well.

In a rec.snt paper by Cilliland and Dappen ( 1988), iL was ouggeated that WIMPS actually solve

the solar neutrino pro b]em. This ie because the oecil!ation ~(n) vafues seem to match those oboened
for models that had considerable number of WIMPS and a suitably low neutrino flux. Thin reoult

conflicts with the data given here. The ●xplanation probably ie that, if the O-C cume ia rather

positive, M shown in m ●xtreme for our low opacity c-e in figure 3, then the b(n) runs rather

high ae ~een in figure 5. Gilliland and Diippen did not pubhsh their 0-C curve, but since they used
the iSggleton, Faulkner, and FIanneW (1973] ●quation of state without the coulomb corrections,

and they used the old low COX-StewarL (1970ab) opacitlee, it u likely that the O-C tune is meetly
poalcive. Then they would have a high ~(n) curve, which they dao did not publish. These authors

would need WI,MPs to lower the 6(n), and its me= value they do diacuae, by about the amount

they have found by using the older ●quation of state and opacity data.

A final mater concerning the opacity at the solar center ix one diacuued by Bahcall and
[’lrich, During the solar evolution moat of the nuclear energy ix horn the proton-proton reactions,

but there ix oome cycl.iug in the CNO proceea. Thu later proceaa converts ~aentizdy all the carbon
to nitrogen, which G dow to interact in an proton capture rextion. Even come of the oxygen in
changed to nitrogen. Babcall and LVrich nuggest that the op~ity ●t the solar center u increaed
by 7.6 percent due t~ chis proceaaing. However, my recent detaded studies show that thie u an

incomect reutlt. Using ● number of calculations, I find that the opxity ix increased lea than one

percent by this composition change.
Table 1 gives some of the comparisons kiadly calculated by Joyce Cuaik for the ROW Aller

( 1976) mixture. Thix u different from the mixture gwen by (3x and Tabor IS76) ●nd used for

figures 1 and 2. She h- used the Opacity Library to -how that when all the carbon u -sumed

to be nitrogen (but the oxygen is unch~Red in its ●bundance), the op~ity u incre-ecl by less

than one percent. The tr~k through the tabk foUowing the central solar mtructure ie 1.16 kev at

a ciermty of 100 and 1.35 kev at ● density of 180. Only the Libraq temperatures have been UA
to avoid interpoluion. Actually the C,NO cycling ●ffect gets imallar u higher temperature- ana

densities, memly reflecting the growiag contribution of the free ●lectron scattering. Such an eflect
would be ●xpected by tispecting figures I and 2. All the bound-freo edges of the CNO ●lements

ar~ ●t ve~ 1- photon ●nergiem, and the onty relic seen at the kilovolt photon ●nergies and kilovolt
temperature u the b~free photon absorption in the ●lectric fields of tha CNO iona.

The ●xtenaiv~ work over the last 20 yeare to reduce the nautrino outout haa left us ●x~tly
where we were when we started. To solve the solar neutrtio problem, I suggest that the neutrinos

oeccllate between their different typee and interact with the electrons in the solar interior u Bethe

( 1986) amd Raea and Gelb ( 1986) have suggeeted. Thu ecalled MSW ●ffect r~quirem neutrmoo
to have ,maa aad to mcd.late between the three different typee, but that u not ao unreaaunahlr

nnwadaym.

3. THE SOLAR SUR?ALE

I’ntd the ]Mt few ye-, the ~Pulty fm the •0~ materiaf ●t ~d just bekw the photoephere wax

l, btatned from the C’CIXand Tabor ( 1976) tabla. In late 1979 Norman Magee kindly calculatml
n -perm,l low tempermtnre table for the %~AUer ( 1976) cnmpoeltmn ucing the same Imprnv-d

city progrw’n that wu used to compde the La Alamoe Asl,rophymka! f)paclty Library (Hu~bncr



et al.,197?), These opacities included molecules: but they are quite unimportant for solar models.

Russell Kicman in 1383 then added Library opacities at the higher temperatures to form che Ross-

Aller I table chat ia now w]dely used by solar modelers. The interesting thing is that even though

molecules .~e included, the main reaaon for a doubling of the opacity over the Cox-Tabor values is

that iron lines are uow calculated in much more detail than in the Cox-Tabor tables.

~igure 9 plots the logarithm of the ratio of the opacities from EXOP, as wed for the King IVa

t:bk, to those from the Rosa- AUer 1 table. Both tables have essentially the same composition.

Figure 10 gives the monochrorrtat:c absorption coefficients versus photon energy for a tempera-

ture of 0.s electron volt (5800K) and a density of 3x10-7 g/cm 3. The same plot using the Cox-Tabor

data shows only a few sea<.tered lines instead of the forest of iron lines shown in this figure and afio

actually seen in the solar photoaphere spectrum. It ia interesting that over ten yeara ago, Huebner

( 1978) felt it important to display this very same plot to show the strong infiuence of the iron lines on
the solar photoephere spectrum. Apparently the contour diagram given by Cox (1983) and repeated

by .Magee, .Merts, and Huebner ( 1984), which shows the effects of lines for astrophysical opacity

mixtures, missed a gmall island with a lwge opacity incre~e at a temperature of 0.5 ev. Absorption

lines are not important at temperatures lower than 4000K becauae of the large effects of water vabor

molecules, and above 8000K (0.7 ev) hydrogen bound-free aleorption becomet dominant.
While for solar models we h~ve aimost alwaya used the Rom-Aller 1 opacities by calibrating

the Stelfingwerf ( 1975ab) fit, others have used the Cox-Tabor opacity tables. Thus we do not

directly know the relative effects of these two opacity tables on pmode frequencies. According to

C’hristensen-Dalsgaard, however, p-mode frequencies fit somewhat better when the newer Rose-Aller

I opacltles are used in the solar model.

I have considered the relative nonadiabatic effects of the King lVa (Cox-Tabor using EXOP)

and the Ross-Aller 1 tab!ea for the pg,/=00 mode observed at 3036 pHs. Figure 11 shows the work
to drive pulaatioms per pulsation cycIe versus sone number for the King IVa table in the model

and in the oscillation eigeruaolution. These opazities were used (through the Stellingwerf tit) for the

Kidman and Cox ( 1984) study of nonadiabatic effects on p-modes. The peak driving in at about

I>OCX3K.The mode decays approximately as inferred from the obaawed pmode line widths in the

spectrum. This can be seen from the fig~re because the integraf over the dri+ing (plotted per sone

[o make the integral e~ier to see) is slightly negative.

When the floes-i441er i opacities are approximated by actually tripling the Stell,ing-werf opacity

fit values, the pulaatlon driving ia given by figure 12. Driving u now at a higher maas level where

the temperature is again about 9000K, because the temperature gradisn! from the photoaphere ia

Steeper In this c-, however, the driving owrwhelms the damping, and the mode is pulsation-
ally unstable. Thus the overstability of the solar pmodes depends sensitively on the opacity and
monochromatic absorption coefficients.

But care must be taken. Radiation transport effeetc are not included in these calculations
e[ther for the model structure or for the oscillation eigensolution,s. Also convection luminosity, which

c~rles perhaps w ‘?6 of the emergent luminosity at the mass level where the pmodes are driven,

M treated in our calculations as completely frosen-in. Therefore, a definitive etatement about the

pulnat]on drivtng is not possible It Iwemg that modern no;, adiabatic calculations, for example the

rwi]atlon transport work by C’hriatensen- Dabgaard and ilandaen ( 1983) or the radiation transpolt

And c~)nvectlon studies hy Balrnford aild Cough ( 1988), need to tnclude the latest Ross- Aller 1

lpac}tl~e m any case,

!dodelers of stellar otructrre have n~eded complete opwity tables for many mixtures, but at
t tIr motnent there are really only two mw{ern one~. The Opacity Library allows opacity calculations

)uly down to 1 I,6WK temperature, becauae molecular contmbutlons to the absorption become

Important at t.ernperaturea like 6000K. Mixtures named Roe+ A1ler 1 and Grossman ! have been
uo~d to produce tables down to ~SOOK. Thm lack of tables M now being rectified by Weiss ●t Illinois

.~nd %funlch who coon WIN have 20 additional tablea, some with significantly different hydrogen and

hehurn contents



Figure 9. The logarithm of the ratio of the Rosa-AIIer 1 table op~itiea to the King IVa table

opacities ia plotted versus temperature for dennitiea 3x10- 6, k10-7, 3X10-7, and lxlO-O g/cm3.
At the solar photosphere, the new Op~ity Library opacitiea are twice that from the Cox and Tabor
tables.

Figure 10. The monochromatic absorption coefficients for a solar mixture for the approximate
sold photosphere conditions of 58(MK and 3TIO-7 g/cm3. On top of the dominant negative hydrogen

ion absorption one can see the myriad of iron lines coming from tr~aitionu from the M s$ell to higher
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Figure 11, The work per cycle to drive oacuations is plotted vermm sone number for the outer
700 sonea of the 1700 maao so,le CGK model uc~g the COX ~d Tabor King IVa opacity table. The
peak driving at 9000K h not ]Uge enouau to dm~abiliaa tha mods, and this p. mode with /=:60

,Ieraye roughly aa actually obaened.

Figure 12. The work per cycle to drive oactilations u plotted versus so”.e number for the outer
700 zones of the 17MI maaa Bone CCK modeI u~~g the Opacity Library R~Aller 1 opacity table

to calibrate the Stellingwerf bt,The peak driv~g ●t mK u kge enough to dettabiliae the mode,

and thh p. mode with /=60 is predicted tO be pubation~y unstable. Other otabiliaing etTecto such

M the radiation transport influence on both the photoapharic structure aud the global ~mcill~th~ns

.ue ~pparenLly more dominant.



4. BELOW THE SOLAR CONVECTION ZO.NE

We have found that the EoIar pmodea are vet-y sensitive to the opacity just below the convection

zone. This sensitivity have been suggested by Christensen-Dalagaard et al. ( 1985) and more recently

by Korzennik and U1.ric} (1989). CGK (1989) adjusted the opacity upward by 15 to 20 percent in the

2 to q million kelvin region to get ahnoat perfect agreement with all the low deg-ree pmodes, RecenL

work by Ch.riatensen- Dal,agaard, Lebreton, and Dappen (private communication) hw shown that

.~od agreement with the observed pmodes cm be fcund without adjusting the opacity from the

LOS Ahmos Astrophysical Opacity Library at all Thus only a small cmeven zero opacity adjustment
may event ual.ly be agreed upen.

Figure 13 shows the monochromatic absorption coefficients versus photon energy for a tem-
perature of 3x10e K and a density of 0.4 crn2/g, calculated by the EXOP opacity program. These

conditions for the Cox-Tabor compmition obtain just below the eolar convection sone. The strong
bound-free edge at 0.76 kev photon ●nergy ia from oxygen with 0.3 electron in the 1s level. The
other strong bound-free edge is from neon at 1.18 kev with 0.9 electron in ita K shefl, The only
other significant K edge in at 3.86 kev from argon with both of its 10 electrons attached, but the K

edges of magnesium, aluminum, and silicon can just barely be seen. The carbon K edge ia off scale
to the left, and the iron K edge in of scale to the right. The edgea at 1.4 kev ~e the L edges of iron
with 4.7 ●lectrons in the 2s and Zp Ievela.

What can cause tne opacity uncertainty at theee solar conditions? It doe- not seem that the
CNONe ion hydrogen-like bound-free abaorptiona can be in enor vow much. Or can the small
fredree absorption be uncertain? The electron scattering, with the iron resonance lines near 0.9
kev u small compared to other procemes. It very well could be that the absorption lines that are
au from transitions with the lower level being 2a or 2p in 15, 16, 17, 18, and 19 timee ionised iron

are much more numerous than we have indicated. The trmsitioas to level 3s, 3p, and 3d are ne~
IY.9kev, while the 2 to 4 and 2 to 5 tranaitiona are range from 1.0 to 1.4 kev, just Up to the ~ edges.

Note that the level 6 in iron u destroyed by the continuum depreaaion from neighboring charged
particla. There u also the pomibility that with alrnmt 0.7 electron in the 3 shell levels that there
can be some 3 to 3 iron line tranaitiono, which we are not considering. It u not at all unreasonable
that the opacity might need to be increaaed 20 percent for this temperature and density. ! predict
that the miaaing opacity u due to the iron li.LLUthat are only partially dbplayed in figurt 13.

We have calibrated the Iben ( 197s) opacity 6t to calculate our ardcr models and to eolve fo:
our mcillation eigenaolutions. For this cam, we have fouad that ● factor of 1.3 on ● term called A,

and ● factor of 2.0 on the term x, comect the Iben fit opaciti~ to the Opacity Library valuea and
then incraaee them by 15 to 20 percent iILthe tempara~~ range of 2 to 7 million kelvin. Figure 14
showc the logarithm of tha Fba-Aller 1 opacity to the kn fit opacity ratio versus temperature for
the threedanaitiea●vailablei.uthe R~+Abr 1 table. The original Ibat fit b 20 to 40 percent too
low in the bottom Iayere of the convection sone and deepar to ● temperature of 1,0x 107 K. Figure
15 ghea the fitcalibrated u ctated●bove relative to the RtmMAller 1 tsble. Now the calibration
f~tom make the opacity larger by 20 percent at 3X IOa K. ●nd Ieea thaa 1(I percent at 1.0x 107 K.

Figure 3 shows tho O-C pbt for the two Iben fit caws diacuemd ●bove. The original Iben
tit gives very low opacitiaa in the regioa below the convection sone, and the fit to the low degree

pmode fhquenci- u v- poor. The dram~tic improvement, providing that the equation of etate
b otherw~ acctuate, caa be umd to verify the accurxy of the eolar opacities.

The J(n) that corraponds to t}.e low opacity caee of figure 3 ia given in figure 5. The ~arger
figure 3 O-C values give kger t(n) values. The eermitivity to the opacity decr~imee above 1= 10,
becauae the higher degree modes hav~ turning points nearer to the convection sol bottom i)r even
in it. Then the amplitude in the deeper evanescent regions ia not large ●nough to a ~ct siEl~15cantly
the oscillation periods.
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Figure 13. The monochromatic absorption coefficient for a solar mixture for th~ al, pr,, xim,lte

solar conditions below the convec~ion zone of 3x10e K and 0.4 g/cm ‘. Absorption K eflges of II XyMe II,

neon, magnesium, aluminum, silicon, and argon can be seen. Also at 1.4 kilovolt photon ~nrr~y

weak closely spaced L ●dge~ of iron are viaihle.

Figure 14. The logarithm of the ratio of the RmGAl]er I table opacities to the II,rn lit ~lr.,( r,lllr~

opacities is plotted versus temperature for dentlitiee lx 10-1, lxld, and ]X1O1 j t“rrl 1 ,\I. I I,,.*I,

ronditiono, the new Opacity Library opacities are runsiderably larger than those fr(~ul I IIP [111,11 tIL

,lri~inally calibrated to the Cox-Stewart op~itiec.
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5. OPACITY EXPERIMENTS

(; typc ~LaZ-E than the ●xperts prrdl(L wlLh CI,MSICAI opacity values, (’an the w[~n Ilnes lf,rr~~e th~

,lpac Ity and solvr LhM pro bl-m ‘

.An(lre~en And [’etcradn( 1988) ~n,l Anilr~~n (1’)88) have pointed Iut that ● Ia.ru- I~paL ILV

ln(rr~e ~uggette(i !w 51morz ( 19H2) to solve ● period ratw problem for the claaslcal [Iouhl-m,lllc

~’eph rIda can A{) hrlp .“lth perl(jtl pretilcLltJnn in b .SI utI and RR [.yrae vwlablcs This I)PIU Ity
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